Kangaroo mice (Microdipodops) inhabiting the Mono Basin and adjoining valley regions of California and Nevada represent a disjunct distributional isolate and have been considered as a distinct species or, more recently, as 2 subspecies of M. megacephalus. Analysis of patterns of geographic variation in 11 populations in the Mono Basin region shows that kangaroo mice inhabiting the northern portion of this peripheral isolate are relatively large and dark (referred to as M. m. nasutus), and those to the southern end are small and pale (termed M. m. polionotus), and a cline exists between the 2. Inasmuch as several morphological characters are correlated positively with environmental measures (e.g., hind-foot length and climatic severity; pelage color and soil color), it appears that variation in morphology is responding to a selection gradient. Mitochondrial DNA sequence data, together with chromosomal and protein information, reveal that the 2 subspecies are nearly identical genetically. Moreover, molecular phylogeographic analysis reveals that the Mono kangaroo mice belong to the southeastern geographic unit of M. megacephalus (a mean of 1.86% sequence divergence) and are genetically most close to animals from the San Antonio locality (more than 100 km to the east). It is hypothesized that distributional shifts in the geographic range of kangaroo mice in response to climatic fluctuation during the late-Pleistocene and Holocene times resulted in the westward expansion and eventual colonization and isolation of kangaroo mice in the Mono Basin region. Our vicariant biogeographical interpretation suggests a historical route through the Lahontan Trough and the physiographic discontinuity east of Mono Lake (i.e., between the Wassuk Range and the White Mountains) that may serve as a biogeographic model for other basin-dwelling organisms. Lastly, the systematic status of the 2 subspecies is evaluated; a single subspecies, polionotus, is recognized, with nasutus placed in synonymy.
collected from southeast of Mono Lake (near Benton, California; Fig. 1 ). Grinnell (1914:302) noted the distinctiveness and ''extreme pallor of coloration'' of these kangaroo mice and described them as a new species, M. polionotus. In his revision of the genus, Hall (1941) examined morphological characters and treated M. polionotus as a subspecies of M. megacephalus. At the same time, Hall (1941) described another subspecies, M. m. nasutus, from northeast of Mono Lake (Fletcher, Nevada) on the basis of 6 specimens. Hall (1941) considered M. m. nasutus to be larger and darker than M. m. polionotus. Hafner (1981) examined morphological, chromosomal, and protein data and affirmed Hall's (1941) assignment of kangaroo mice from the Mono Basin to M. megacephalus. Additionally, Hafner (1981) found that kangaroo mice from near the type localities of Benton and Fletcher had identical karyotypes, shared a high level of protein similarity, and suggested that only 1 subspecies, polionotus, should be recognized.
Despite an apparent high degree of variation in pelage color, all populations of kangaroo mice from the Mono Lake basin and adjoining valley regions of California and Nevada are now recognized to be those of the dark kangaroo mouse, M. megacephalus (Hafner 1981; Hall 1941) . Importantly, kangaroo mice from the Mono region are separated from other populations of the species by more than 100 km of unsuitable habitat and represent a peripheral isolate on the western margin of the species' distribution (Hafner 1981; Hall 1941; Fig. 1) . After his examination of patterns of protein, chromosomal, and morphological variation within the species, Hafner (1981) hypothesized that the kangaroo mice from the Mono region were derived from populations of M. megacephalus to the east (central Nevada). The present study tests this hypothesis of evolutionary affinity and expands on previous studies by evaluating additional morphometric, chromosomal, and mitochondrial DNA (mtDNA) sequence data.
MATERIALS AND METHODS
Study area and specimens examined.-Before the initiation of this study, specimens of kangaroo mice from the Mono region were known only from near the type localities of M. m. nasutus (vicinity of Fletcher, Nevada) and M. m. polionotus (vicinity of Benton, California) and several records around Mono Lake (Hall 1941) . For the ecomorphological portion of this study, effort was made to sample populations of kangaroo mice between the type localities for the named subspecies in the Mono Basin and adjoining valleys. Of the 176 total specimens used for the morphological portion of this study (Appendix I), 86 specimens were captured in the wild specifically for this study. An additional 21 specimens of M. megacephalus were collected and used in the mtDNA and chromosomal analyses, including 2 specimens collected near the type locality of M. m. nasutus and 3 specimens from near the type locality of M. m. polionotus (Appendix II). For the phylogeographic portion of this study, 3 populations of kangaroo mice were sampled from the northwestern distributional unit of M. megacephalus (Vernon, Chilcoot, and Sparks; Fig.  1 ) and 4 populations were sampled from the southeastern distributional unit of M. megacephalus (Austin, San Antonio, Goldfield, and Panaca). Selection of these localities was guided by 3 criteria: proximity to the Mono distributional isolate, populations that represented both the major northwestern and southeastern geographic units of M. megacephalus, and populations within the northwestern and southeastern units that represented both the 40-a and 40-b chromosomal forms of M. megacephalus (Hafner 1981) . Initial outgroup taxa included the sister species, the pallid kangaroo mouse (M. pallidus); a representative kangaroo rat, the chisel-toothed kangaroo rat (Dipodomys microps); and a pocket mouse, the little pocket mouse (Perognathus longimembris; Appendix II). Final selection of outgroup taxa excluded P. longimembris because preliminary phylogenetic analyses showed it to be less closely related to Microdipodops than is Dipodomys. Our outgroup selection is also supported by other studies (Alexander and Riddle 2005; Hafner 1993; Hafner and Hafner 1983; Hafner 1982; Mantooth et al. 2000; Rogers 1990 ). Animals collected during the course of this study were treated in a humane manner following procedures approved by the American Society of Mammalogists (Animal Care and Use Committee 1998) and Occidental College's Institutional Animal Care and Use Committee.
Morphological analyses.-Morphological variation in kangaroo mice in the Mono Basin region was assessed by examining both pelage coloration and a battery of cranial and external morphometric variables for 176 adult specimens from 11 populations (Appendix I). Specimens were judged to be adult by the presence of wear on the 4th upper permanent premolar and the general transparency of the auditory bullae. Pelage color variation was assessed using the Munsell system of color notation in combination with the Munsell soil color charts (Munsell Color Co., Inc. 1954; see Miller [1958] for discussion of technique). Munsell's (Munsell Color Co., Inc. 1954 ) system expresses color using 3 components: hue (refers to a range of frequencies on the color spectrum), value (determines how close as a color is to black or white), and chroma (expresses the purity of a color). The pelage color value in the terminal portion of the tail (indicative of overall dorsal pelage coloration) was measured and recorded for each specimen. A series of 5 reference specimens was chosen to encompass the total range of value variation. The reference specimens, ranked in order of increasing color value from black to gray, and their Munsell notation in parentheses (i.e., hue [e.g., 10YR], value [indicated in bold], and chroma [e.g., /2]) are as follows: MVZ 142264 (10YR 2/2), MVZ 142256 (10YR 3/l), MVZ 142236 (10YR 4/2), MVZ 142274 (10YR 5/2), and MVZ 142219 (10YR 6/2). All other study specimens were compared with these reference specimens under a Macbeth Super Color Matching Skylight hood (GretagMacbeth LLC, New Windsor, New York) and assigned an appropriate color-value score.
Ten cranial and external characters were examined in the morphometric analysis. These characters, used and described in previous studies (e.g., DeBlase and Martin 1974; Hafner et al. 1979) , included basal length, nasal length, greatest breadth of skull, maxillary breadth, least interorbital breadth, total length, tail length, hind-foot length, greatest length of skull, and mandibular length. Cranial characters were measured with dial calipers (read to the nearest 0.01 mm) and external dimensions were read directly from specimen labels. Univariate and multivariate statistical routines were performed using SYSTAT 9 software (SPSS, Inc. 1999), BMDP (Dixon 1983) , and the Statistical Package for the Social Sciences (Nie et al. 1975) . Although previous studies indicated a lack of sexual dimorphism in kangaroo mice (Hafner 1976 (Hafner , 1981 Hall 1941; Schitoskey 1968) , the possible extent of sexual dimorphism in the morphological characters under study was examined for the Fletcher population (the largest sample size available, n ¼ 41 [17 females and 24 males]) using analysis of variance (ANOVA). Our results support previous findings of no secondary sexual variation (P . 0.05 for all 11 characters); hence, sexes were pooled in our analyses.
Several ordination procedures were executed in an attempt to understand the multivariate morphological relationships among the 11 populations in the Mono Basin region and, specifically, to determine if the observed patterns of variation agreed with the a priori hypothesis of 2 principal groupings reflecting the present subspecific taxonomy. A discriminant function, canonical variate analysis was performed initially with each of the 11 localities entered as a separate group (character basal length was omitted because of individuals with missing data). In a subsequent analysis, a 2-group discriminant function analysis was performed with the Fletcher and Benton samples entered as known groups (i.e., the subspecies nasutus and polionotus, respectively), whereas individuals from the intermediate localities were entered as unknown groups. Assignment of individuals from the unknown group to either known group was based on posterior probability values. A summary of interlocality morphometric divergence among the 11 populations was obtained by constructing a taxonomic distance matrix using the NTSYSpc program (version 2.02j, Applied Biostatistics, Inc.; Exeter Software, Setauket, New York). All specimens used in the morphological portion of this study are deposited in the Museum of Vertebrate Zoology (MVZ) or The Museum, Texas Tech University (TTU) as voucher study preparations (Appendix I).
Geographic distances and environmental characters.-Pairwise interlocality geographic distances were estimated between the 11 sample localities by examination of topographic maps. A minimumpath geographic distance matrix (Sokal 1979) was produced that reflects likely distances traversed by kangaroo mice through appropriate habitat and not beeline or great-circle distances. To test for the significance of geographic variation patterns in the morphological data, the geographic distance matrix was compared with the taxonomic distance matrix using Mantel's test (Mantel 1967; Sokal 1979 ) and the program NTSYSpc.
Four environmental and climatological variables were recorded for the 11 study localities in the Mono Basin region: climatic severity, isophane, soil color, and percentage sand. The index of climatic severity is largely indicative of differential temperature regimes and was calculated according to the method of Findley and Traut (1970) . Climatic severity, reported in thousands of ''adjusted'' meters, was calculated for a locality by adding the elevation to the product of latitude times 106.68. The rationale for this formula lies in the assumption that a 18 shift in latitude is equivalent to 106.68 m of elevation in causing climatic change in western North America. Isophane, similar to the index of climatic severity, is based on the Bioclimatic Law of Hopkins (1938) and describes the general retardation of growing seasons that occurs with increase in latitude, longitude, and elevation. Isophane values for all the Mono Basin localities were calculated following the procedures of Power (1970) : from a base equal to 40.00, 1.00 is subtracted for each degree south of 408 north latitude, 1.00 is added to the base for every 58 west of l008 west longitude, and 0.25 is added to the base for each 30.48 m above sea level. Soil color value was determined for 11 study localities by using the Munsell system of color notation. Three surface soil samples were selected randomly at each locality and were scored by comparison with the Munsell soil color charts. The mean soil color value was chosen as representative of a locality and used in the climatological analyses. Soil samples were analyzed further to determine the percentage sand fraction (soil particles , 2 mm) as follows: soil samples were worked through a 2-mm sieve and the proportion of total soil sample (by weight) less than 2 mm was determined. Degree of association between the environmental and morphological characters was evaluated by use of the Pearson product-moment correlation coefficient.
Chromosomal analyses.-Nonpreferentially stained chromosomal preparations were made from 20 specimens of M. megacephalus following the postmortem technique described by Hafner and Sandquist (1989) . Nine populations were sampled for the chromosomal analysis and the specimens used were the same as those employed in the mtDNA analysis except that only 3 specimens were karyotyped from the Austin locality (see Appendix II). Chromosomal variation for 6 of the 9 populations was characterized previously by Hafner (1981) but this study resampled those populations, as well as 3 other populations (Goldfield, Austin, and San Antonio) for which chromosomal information was lacking. Terminology and description of karyotypes used here follow Hafner (1981) .
Mitochondrial DNA analyses.-Whole genomic DNA was extracted from liver or kidney tissues using the DNeasy Tissue Kit (QIAGEN Inc., Valencia, California). Standard protocol suggested by Qiagen was followed except at the following stages: 1) a 2 Â 2 Â 1-mm piece of liver or kidney tissue was used; 2) samples were incubated at 558C for at least 24 h; and 3) the resuspension of DNA was performed in 2 steps (1st, 150 ll of Buffer AE was pipetted into the spin column and then incubated for 1 min at room temperature before spinning and, 2nd, an additional 50 ll of Buffer AE was added, incubated for 1 min, and then spun). Extracted DNA was stored at À708C. Two mitochondrial genes, 16S rRNA and cytochrome b (Cytb), were chosen for analysis because their different rates of evolution (16S is more conservative than Cytb- Ferris et al. 1983; Springer et al. 2001) should facilitate the resolution of clades at deeper and more shallow levels, respectively. Mitochondrial DNA was amplified using REDTaq Ready Mix (Sigma, St. Louis, Missouri). Each polymerase chain reaction amplification was performed using the PTC100 thermal cycler (MJ Research Inc., Waltham, Massachusetts) and included 2 ll (10-100 ng) of genomic DNA, 1 ll of each of 2 primers (10 lM), 21 ll double-distilled H 2 O, and 25 ll of REDTaq to make a total reaction volume of 50 ll. Polymerase chain reaction and sequencing of 16S rRNA gene were performed using the 16Sar and 16Sbr human primers (Hillis et al. 1996) . The Cytb gene was amplified and sequenced using primers MVZ05 and MVZ04 (Smith and Patton 1991) . Polymerase chain reaction amplifications for 16S were completed using the following thermal profile: 30-s denaturation at 958C, followed by 35 cycles of denaturation at 958C for 30 s, annealing at 508C for 45 s, and extension at 728C for 45 s. Cytb amplifications were performed following Lovejoy (2000) , with the modification of a 528C fixed annealing temperature.
The amplified DNA was purified using the QIAquick kit (QIAGEN Inc.) and standard protocol with purified products resuspended in double-distilled H 2 O. Automated, fluorescently labeled, dideoxy, chain-terminator sequencing was performed for all samples at the DNA Sequencing Facility at California State University, Northridge, using the ABI Prism 377 DNA Sequencer (Applied Biosystems, Inc., Foster City, California) and the BigDye Version 3.1 sequencing cocktail (Applied Biosystems, Inc.). Double-stranded sequences were edited and aligned in GeneTool 1.0 (Biotools, Inc. Edmonton, Alberta, Canada). All sequences were submitted to GenBank (GenBank accession numbers DQ422887-DQ422913 for 16S; DQ422914-DQ422940 for Cytb). Multiple sequence alignments were performed using Clustal_X (Thompson et al. 1997 ) with the default settings (gap opening ¼ 10, gap extension ¼ 0.20) for 16S, Cytb, and the combined data set. All alignments were visually examined and edited in MacClade (Maddison and Maddison 2000) without the use of structural models because the alignments lacked complicated insertions or deletions (Leaché and Reeder 2002) .
Phylogenetic analyses were performed 1st on 16S (550 base pairs [bp] ) and Cytb (468 bp) separately, thereby allowing us to identify any incongruence between them (Leaché and Reeder 2002; Weins 1998 ). Finding none, we then analyzed the combined alignment of 1,018 bp. MEGA (Kumar et al. 2000) was used to calculate transition : transversion ratios. PAUP*4.0b10 (Swofford 2003) was used to test for the presence of phylogenetic signal according to the procedures of Hillis and Huelsenbeck (1992) , to calculate percent sequence divergence with uncorrected p, and to construct maximum-parsimony, neighborjoining distance, and maximum-likelihood trees. The consistency index (CI) and the retention index (RI) also were calculated in PAUP during the maximum-parsimony analyses. Maximum-parsimony and neighbor-joining trees were built for each individual gene and all 4 trees were topologically identical. A partition homogeneity test was performed for 16S and Cytb and a nonsignificant result (P ¼ 1.0) allowed us to combine the 2 genes.
Heuristic maximum-parsimony searches with equally weighted sites from the combined data set were performed using a full heuristic search, tree-bisection-reconnection branch swapping, simple sequence addition, and 1,000 bootstrap pseudoreplicates. A neighbor-joining tree was built using uncorrected p and 1,000 bootstrap pseudoreplicates. The most appropriate phylogenetic model for the combined data set suggested by ModelTest (Posada and Crandall 1998) was the general time-reversible model with invariant sites and among-site variation (GTRþIþÀ-Gu et al. 1995; Yang 1994) . Maximumlikelihood phylogenetic analysis was conducted using a full heuristic search and parameters specified by ModelTest. The maximumlikelihood tree was then constructed using 200 bootstrap pseudoreplicates. Bayesian phylogenetic analysis was performed with MrBayes 2.01 (Huelsenbeck and Ronquist 2001) using GTRþIþÀ with uniform priors and with variables I and À estimated by each Bayesian analysis (Leaché and Reeder 2002) . Four incrementally heated Monte Carlo Markov chains were run concurrently for 10,000,000 generations and were sampled every 1,000 generations. Two independent Bayesian analyses were conducted to make sure that the searches were not limited to local optima (Leaché and Reeder 2002) . Convergence of the chain on a stable likelihood value was evaluated graphically by plotting log-likelihood values against generation time. Once stationarity was reached, the first 200 trees were eliminated as burn-in points. The remaining 9,800 trees (from each of the 2 analyses) were used to create a 50% majority rule consensus tree where each clade's posterior probability value is indicative of the percentage of samples that recover that particular clade (Huelsenbeck and Ronquist 2001) .
RESULTS
Geographic setting.-The 18 populations of kangaroo mice sampled in this study (Fig. 1) include a focal series of 11 populations from the distributional isolate around Mono Lake and a comparison set of populations from the main northwestern and southeastern distributional units of the species. Within the distributional isolate around Mono Lake, kangaroo mice are restricted to sandy basins that support a floral community dominated by sagebrush (Artemisia) and rabbit brush (Chrysothamnus). The physiography of the Mono Basin and adjoining valley regions of California and Nevada is rather complex, with mountains and ranges separating the sandy basins to differing degrees. Hence, kangaroo mouse populations here are distributed in a disjunct pattern that is coincident with the patchy distribution of the sandy basin habitat. Despite the vagarious distributional pattern, extensive field reconnaissance around the Mono Basin region did not reveal any geographic barrier or habitat hiatus existing between adjacent pairs of populations from the nasutus type locality in the north (Fletcher; locality 1) to the polionotus type locality in the south (Benton; locality 11).
Morphological variation.-Comparison of the geographic distance matrix with the taxonomic distance matrix shows that there is a significant linear association between the 2 matrices (raw Mantel statistic, Z ¼ 7,029.055 and standardized Mantel coefficient, r ¼ 0.445, P ¼ 0.006 [with 10,000 random permutations] and P ¼ 0.001 with the asymptotic approximation). Hence, spatial distance is correlated significantly with morphometric distance and we reject the hypothesis that the morphological patterns are random over geography.
Univariate examination for heterogeneity among the sample means (ANOVA) for the 11 populations from the Mono Basin region reveals significant differences (P , 0.05) for all characters except basal length and nasal length. The highest Fvalues (all with P , 0.001) are seen in pelage color value (F ¼ 7.812); 2 cranial characters, greatest breadth of skull and greatest length of skull (F ¼ 5.007 and 4.159, respectively); and 3 external characters, tail length, hind-foot length, and total length (F ¼ 101.069, 4.917, and 4.022, respectively). In general, kangaroo mice from the northern populations are dark in pelage color (means for pelage color value for localites 1, 2, and 3 are 3.425, 3.077, and 3.821, respectively), whereas southern populations are light in color value (means for pelage color value for localities 9, 10, and 11 are 5.222, 5.250, and 4.733, respectively). The 4 morphometric variables, greatest breadth of skull, greatest length of skull, hind-foot length, and total length, reflect mainly differences in overall size of kangaroo mice and the magnitudes for these characters are large for several of the northern populations (e.g., means for greatest breadth of skull for localities 1 and 2 are 18.57 and 18.88 mm, respectively) and small for southern samples (e.g., means for greatest breadth of skull for localities 9 and 11 are 18.24 and 18.11 mm, respectively). Indeed, there seems to be a general clinal trend in size and color from the large and dark kangaroo mice from populations northeast of Mono Lake to the small and pale kangaroo mice from localities southeast of the lake.
Results of the discriminant function, canonical variate analysis (with each of the 11 populations from the peripheral isolate entered as a separate group) exhibit the polarization of localities 1 and 2 (extreme northern samples) from localities 10 and 11 (extreme southern groups) and locality 7 (central sample; Fig. 2 ). Except for locality 7 (n ¼ 3; Appendix I), it appears that the 1st canonical axis achieves a north-south stratification of groups and accounts for 48.8% of total variance explained. The 5 characters most responsible for separation among the groups along the 1st canonical axis (standardized canonical coefficients in parentheses) are as follows: greatest length of skull (0.945), mandibular length (À0.776), pelage color value (0.450), maxillary breadth (À0.442), and total length (0.423). The kangaroo mice from northeast of the Mono Basin are dark colored and have generally large measurements for greatest length of skull and total length, but have small values for mandibular length and maxillary breadth. Comparison of the 3-dimensional canonical plot (Fig. 2) with the studyarea map (Fig. 1) reveals that the midtransect samples are positioned largely in an intermediate fashion in the ordination analysis. Canonical variates II and III (expressing 22.2% and 15.4% of the total variation, respectively) seem to illustrate a minor degree of distinctness of the midtransect groups. Characters most responsible for explaining the separation along the 2nd axis include maxillary breadth (À0.882) and greatest breadth of skull (0.752), whereas tail length (À1.041) and total length (0.875) are weighted most heavily along the 3rd canonical axis.
The ordination analysis fails to partition the 11 populations into a northern group equivalent to M. m. nasutus (type locality: Fletcher) and a southern assemblage equivalent to M. m. polionotus (type locality: Benton). The question concerning the distinctness of the northern and southern nominal taxa is evaluated further in a 2-group discriminant function analysis (Fig. 3) . In this analysis, the Fletcher and Benton populations (localities 1 and 11, respectively) are entered as known groups, whereas individuals comprising the other 9 populations are entered as unknowns into the discriminant analysis program. Assignment of individuals to either the nasutus or polionotus group is based on posterior probability values and Fig. 3 portrays, in histogram format, the posterior probability classification matrix for the 11 populations. Characters mainly responsible for separating the 2 groups are the same 5 as in the earlier discriminant function analysis. This analysis (Fig. 3) reveals that there is a character gradient over geography from the ''nasutus-like morphology'' to the ''polionotus-like morphology.'' Although Fletcher and Benton are significantly different in this multivariate analysis (F ¼ 14.86, P , 0.001), the results of this analysis affirm those of the earlier analyses. That is, these statistical routines are not able to recognize unambiguously 2 distinct aggregations (equivalent to nasutus and polionotus) among the 11 populations. Moreover, nearly 20% of all individuals (10 of 63 specimens) from the type localities Fletcher and Benton cannot be correctly classified at a posterior probability ! 0.95 and, indeed, 2 specimens are misclassified.
Environmental variation.-Indices of climatic severity and isophane for the 11 localities around the Mono Basin demonstrate that the more northern localities are climatologically harsh relative to the more southern localities. Values for climatic severity and isophane are at their maximal levels at locality 2 (6,255 adjusted meters and 59.85, respectively) and the indices generally taper off in magnitude from that region (e.g., locality 1 shows 5,953 adjusted meters and 57.40 for these 2 indices, respectively, and locality 11 has values of 5,648 adjusted meters and 54.74, respectively). Elevational information is used in the computation of both climatic severity and isophane, and it is the effect of elevation, doubtless, that explains the high overall association (r ¼ 0.999, P , 0.01) between these 2 indices. The small and narrow basins to the north are surrounded by mountains and are almost 600 m higher than the more broad, southern basins.
Mean soil color value is darkest at the northern localities (i.e., localities 1, 2, and 3 show values of 5.83, 5.67, and 5.58, respectively), with the southern localities in particular being lighter in color (localities 10 and 11 both have values of 6.67). The darkness of the soils to the north is attributable largely to degradation products of low-density volcanic debris coupled with a high proportion of humus that necessarily accumulates in the small basins from the surrounding conifer-covered ridges. In contrast, the Mono Lake basin proper is a large enclosed basin holding the saline, remnant pluvial Lake Russell; localities 5-7 in the Mono Lake basin have color values of 6.50. Weathering of silicate rocks, the products of which become highly concentrated by evaporation, no doubt results in the lighter-colored soils in the Mono Lake basin and the other broad southern basins.
Mean percentage composition of sand (soil particles ,2 mm) also varies across the Mono Basin transect region. Localities 4, 6, and 7 have the most sandy soils (99.54%, 99.54%, and 99.74%, respectively), whereas locality 1 has the lowest percentage sand (68.41%). The soil at the Fletcher site (locality 1) is characterized by the presence of a gravel overlay and is unlike the other localities, which have a high (.90%) proportion of sand.
Correspondence of morphological and ecological data.-Comparisons between the mean values of the 11 morphological characters and the 4 environmental variables reveal that 4 morphological characters are correlated significantly with 1 or more of the environmental (independent) variables. Hind-foot length is correlated highly with both climatic severity (r ¼ 0.868, P , 0.01) and with isophane (r ¼ 0.867, P , 0.01). In each case, these environmental characters statistically explain more than 75% of the total variation in hind-foot length (proportion of variance explained is obtained from the coefficient of determination [r 2 ]). Soil color value is significantly associated with pelage color value (r ¼ 0.786, P , 0.01), and with greatest breadth of skull (r ¼ À0.658, P , 0.05). Further, percentage sand is positively correlated with mandibular length (r ¼ 0.750, P ¼ 0.01).
The 4 morphological characters that are associated significantly with the environmental variables, namely hind-foot length, greatest breadth of skull, pelage color value, and mandibular length, also contribute to the interpopulational morphometric differentiation noted before. Specifically, hindfoot length, greatest breath of skull, and pelage color value are among those characters that show the greatest amount of heterogeneity among the sample means in the ANOVA comparisons. Mandibular length, pelage color value, and greatest breadth of skull are also characters that are important in distinguishing among the population samples in the discriminant function analyses.
Chromosomal analyses.-The kangaroo mice from both ends of the Mono Basin study area, Fletcher and Benton, have identical karyotypes. Specimens from near the type localities of both named subspecies possess a karyotype having 40 chromosomes and a fundamental number (FN) of 74. This karyotype, termed the M. megacephalus 40-a karyotype (Hafner 1981) , is characterized by a pair of tiny acrocentric autosomes. No intrapopulational chromosomal variation was observed and these results agree with the chromosomal data of Hafner (1981) regarding populations of kangaroo mice in the Mono Basin region.
Comparative chromosomal information from other populations from the main northwestern and southeastern distributional units of the species (Fig. 1) Hafner (1981) . New chromosomal information from 3 populations along the western margin of the southeastern unit of the species, Austin, San Antonio, and Goldfield, reveals that these populations show the 40-a karyotype. Because the Mono Basin populations share the same 40-a karyotype with kangaroo mice from 1 population (i.e., Vernon) from the northwestern unit and several populations (i.e., Austin, San Antonio, and Goldfield) from the southeastern unit, the chromosomal data are equivocal in identifying an ancestral source area for this peripheral isolate.
Mitochondrial DNA analyses.-The combined 16S and Cytb data set (1,018 bp) shows a total of 205 variable characters (83 and 122 variable characters 16S and Cytb, respectively) of which 193 characters are parsimony informative (76 and 117 parsimony-informative characters for 16S and Cytb, respectively). For the 10 samples (23 individuals) of Microdipodops studied, the mean base frequencies for A, C, G, and T are 0.330, 0.210, 0.192, and 0.268, respectively, for 16S, and 0.296, 0.282, 0.136, and 0.286, respectively, for Cytb. Chisquare tests for possible heterogeneity of base frequencies across the samples of kangaroo mice are not significant for each gene (v 2 ¼ 2.349, P ¼ 1.000 for 16S; v 2 ¼ 2.857, P ¼ 1.000 for Cytb) nor for codon position for Cytb (v 2 ¼ 0.508, P ¼ 1.000, v 2 ¼ 0.159, P ¼ 1.000, and v 2 ¼ 12.394, P ¼ 1.000 for the 1st, 2nd, and 3rd positions, respectively; base-frequency data are available on request). Thus, base composition is unlikely to cause phylogenetic bias. Transition : transversion ratios for 16S, Cytb, and the combined data set are 1.443, 7.600, and 3.938, respectively (over all positions, using uncorrected p, and without D. microps). Following the methods of Barker and Lanyon (2000) , a plot of uncorrected-p distance versus transitions shows no evidence for saturation for 16S nor for Cytb for the 10 populations of kangaroo mice studied. However, 3rd-position transitions for Cytb show saturation when D. microps is included in the analysis. Tests for phylogenetic signal (nonrandom structure) in our data sets show significance for both genes studied (for 16S Analyses of our combined 16S and Cytb sequence data using maximum-parsimony, distance (neighbor-joining), maximumlikelihood, and Bayesian approaches show the same tree topology. The inclusion or exclusion of D. microps as a moredistant outgroup in the analyses did not alter tree structure within M. megacephalus. Similarly, inclusion or exclusion of M. pallidus in the defined outgroup did not affect tree structure of the ingroup. Maximum-parsimony analysis yields a single most-parsimonious tree (Fig. 4) group on the basis of geography: a northwestern cladistic unit and a southeastern cladistic unit. Individuals from Fletcher and Benton, the 2 populations from the Mono Basin peripheral isolate, belong to the southeastern clade and cluster with individuals from San Antonio.
The neighbor-joining (distance) tree ( 
DISCUSSION
Morphology and ecology.-Kangaroo mice from this distributional islet have been a rather problematic assemblage for systematists (Grinnell 1914; Hafner 1981; Hall 1941 Hall , 1946 . Although once thought to represent a distinct species because of their pale pelage coloration (Grinnell 1914) , the kangaroo mice from the Mono region are now recognizable as M. megacephalus by a variety of morphological features (Hafner 1981; Hall 1941) . Hafner (1981) showed that the kangaroo mice from Mono Basin populations of Fletcher and Benton are large in maxillary breadth, and small in basal length, bullar length, and mandibular length compared to other populations of the species.
Results of this study show that the kangaroo mice from the Mono region are variable in pelage color. This variation in pelage color also was noted by Hall (1941) in his descriptions of the subspecies. In comparing polionotus with nasutus, Hall (1941:252) noted that ''Most, but not all, specimens are lighter-colored on the upper parts than nasutus.'' Color variation among the Mono kangaroo mice also is reflected on their undersides. Although not quantified in this study, the lightercolored individuals also have white underparts, with hairs pure white to the base; animals with darker-colored dorsal pelage typically have white underparts but the hairs are very light plumbeous basally. Although not all Mono kangaroo mice have belly hairs that are white to the base, it is interesting to note that the combination of having pure-white belly hairs and the 40-a karyotype seen in the Mono animals is unique among populations of M. megacephalus examined (see Hafner 1981) . All other populations of the species that have pure-white belly hairs also have the 40-b karyotype (e.g., populations from Chilcoot, Sparks, and Panaca), and all other populations that have the underparts white but gray basally also show the 40-a karyotype (e.g., San Antonio, Austin, Goldfield, and Vernon; see also Hafner 1981) .
Analysis of morphometric variation of the 11 populations of kangaroo mice from the Mono peripheral isolate shows a pattern of clinal variation, with kangaroo mice being generally larger in body size and darker in dorsal pelage color in the northern populations and smaller and more pale in the southern populations. Given the observed correlations between the morphological characters and environmental characters (e.g., soil color and pelage color; general size characters such as hindfoot length and climatic severity), it seems likely that natural selection played a predominant role in the formation and maintenance of these morphological character gradients. Although such pronounced geographic variation in a small peripheral isolate appears unusual, it must be remembered that there is about a 600-m elevational gradient coupled with marked changes in soil color across the region. In retrospect, it is understandable that earlier workers, being constrained by the limited specimens available to them, judged the kangaroo mice from the northern and southern ends of the cline as representing distinct taxa.
Phylogeographic considerations.-Genetic data of 2 kinds (mtDNA sequences and chromosomes) from specimens near the type localites of M. m. nasutus and M. m. polionotus (Fletcher and Benton, respectively) indicate near genetic identity for kangaroo mice in the Mono Basin region. These results are in agreement with chromosomal and protein electrophoretic analyses of Hafner (1981) that reported a high level of genetic similarity (S ¼ 0.94) between populations of kangaroo mice from the northern and southern portions of this peripheral isolate. A similarity value of this magnitude is well within the bounds of intrapopulational variation for the genus (Hafner 1981) .
Although having identical 16S sequences, all specimens examined from Fletcher and Benton show unique Cytb haplotypes. Examination of Cytb sequence data shows no fixed differences between the Fletcher and Benton populations and variation among the haplotypes is due to 2 polymorphic sites for Fletcher and 5 polymorphisms for the Benton population; combining these 2 populations, there is a total of 6 Cytb polymorphic sites for kangaroo mice from the Mono Basin region. Although our sample sizes are rather small and our geographic survey of populations is limited, the level of Cytb variation at Benton (5 variable sites) exceeds that of other populations of M. megacephalus (other populations show 0-3 polymorphisms; " X ¼ 1.00 variable bases for the other 8 populations of the species).
The mtDNA results presented here show that the kangaroo mice from the Mono peripheral isolate belong to the southeastern clade of M. megacephalus and share a close genetic affinity with the populations immediately to the east, especially San Antonio. This finding is consistent with the chromosomal data, in that kangaroo mice from the Mono isolate share the 40-a karyotype with other populations on the western margin of the southeastern geographic unit of the species (namely, San Antonio, Austin, and Goldfield). These data are also consistent with the protein electrophoretic data presented by Hafner (1981) that showed that kangaroo mice from the Mono region have a higher overall genetic similarity value with populations of M. m. megacephalus to the east (S ¼ 0.89) rather than with populations of M. m. californicus to the north (S ¼ 0.70).
Historical biogeography.-The mitochondrial sequence data allow us to identify San Antonio as the probable source population for the Mono kangaroo mice. Not only does the San Antonio population share close ancestry with the Mono peripheral isolate, but its geographical position seems ideal for a reconstruction of past events. Although we are uncertain of the reliability of a molecular clock for mitochondrial genes for kangaroo mice, an average sequence divergence of 0.515% for Cytb between the Mono samples and the San Antonio samples suggests a divergence time in the late Pleistocene (assuming mtDNA divergence occurs at mean rate of approximately 2-4% per million years for mammals and other vertebrates- Arbogast et al. 2002; Brown et al. 1979 Brown et al. , 1982 Ferris et al. 1983; Shields and Wilson 1987) .
The Mono peripheral isolate of M. megacephalus lies within the geologically complex region known as the Walker Fault Zone (also termed the Walker Lane, or Walker Belt Fiero 1986; Grayson 1993; Morrison 1991) . To the east of Mono Lake, there is a region of northeast-trending hills (including the Anchorite Hills, Excelsior Mountains, and the Adobe Hills; Fig. 6 ) and, beyond that, the Lahontan Trough (Reveal 1979 ) that separates the kangaroo mice of the Mono peripheral isolate from other populations of the species farther to the east. The hills and basins immediately east of Mono Lake are aligned perpendicular to the tall (>3,000-m), northwest-trending mountains of the Wassuk Range and the White Mountains and represent a 45-km region of geologic and topographic discontinuity between these 2 great ranges (Fig. 6) .
The Lahontan Trough is a low-elevational region that extends from the Columbia Plateau to the Mojave Desert on the western flank of the floristic Great Basin (see Epps et al. 1998; Grayson 1993; Reveal 1979) . Reveal (1979) emphasized the importance of the Lahontan Trough as a corridor for the northward and elevationally upward expansion of plants and animals into the Great Basin since the Pleistocene. Grayson (1993) suggested that the trough served as a low-elevational barrier that reduced the rate at which Sierran plants were able to colonize the mountainous regions of the Great Basin.
For M. megacephalus and many other plants and animals in the western Great Basin today, the Lahontan Trough probably represents a low-elevational (approximately 1,350-to 1,700-m) barrier to disperal. In the region between the Mono distributional isolate and the San Antonio population, the Lahontan Trough is represented by a series of basins including (from west to east) Huntoon Valley, Teels Marsh, Rhodes Salt Marsh, Columbus Salt Marsh, and Big Smokey Valley (Fig. 6 ). These sandy, low-lying basins support floral communities that are unsuitable for M. megacephalus, being dominated by greasewood (Sarcobatus) and saltbush (Atriplex). Although the habitats are inappropriate for M. megacephalus, each of these basins today supports populations of its congener, M. pallidus.
It is well documented that the late-Pleistocene and Holocene times were dominated by large-scale climatic fluctuations in this region (e.g., Benson 1991; Benson et al. 1990; Fiero 1986; Grayson 1993; Mifflin and Wheat 1979; Morrison 1991; Reveal 1979) . During the last lacustral of the Pleistocene, for example, plant communities of the Great Basin were depressed 500-600 m below their present levels (Mifflin and Wheat 1979; Reveal 1979) . Rather than to postulate that M. megacephalus gained access to the Mono region by jump dispersal across barriers such as mountain ranges and the Lahontan Trough (or for that matter, river barriers such as the Carson, Walker, Truckee, and Humboldt rivers to the north and northeast of Mono Lake), it is more parsimonious to hypothesize that kangaroo mice gained access to the Mono region by adjusting their distributions in concert with changing climates and vegetational zones during the late-Pleistocene and Holocene times.
Following a vicariance biogeographical interpretation, we hypothesize that populations of M. megacephalus from near San Antonio (known today from 1,707 to 2,042 m) adjusted their distribution elevationally downward and followed the Big Smokey Valley southwestward into the Lahontan Trough (about 1,350-1,500 m) during cooling trends of the late Pleistocene and early Holocene such as the Eetza and Sehoo lacustrals of Lake Lahontan (350,000-130,000 and 35,000-8,000 years ago, respectively -Morrison 1991) . Pollen data from the Carson Sink (located in the Lahontan Trough about 100 km to the northwest) suggest that late-Pleistocene vegetation of the Lahontan Trough was likely a sagebrushdominated community (Grayson 1993; Wigand and Mehringer 1985) . Simultaneous with the arrival of the sagebrush steppe, populations of M. pallidus likely vacated the Lahontan Trough, withdrew southward and elevationally downward, and were replaced by populations of M. megacephalus (M. megacephalus and M. pallidus are rarely found in sympatry- Hafner et al. 1979 Hafner et al. , 1996 . Eventual colonizations of the Mono region may have occurred during the warmer and drier times such as the Wyemaha-Churchill interlacustral (130,000-35,000 years ago), the nonlacustral period of the middle-middle Holocene (7,000-5,000 years ago-Morrison 1991), or both as populations of M. megacephalus adjusted their distributions elevationally upward and westward. Indeed, Huntoon Valley (1,737 m) likely provided a nice stepping stone from the lower basins of the Lahontan Trough, upward and westward through the low hills guarding the Mono Basin region (i.e., Mono Valley and Adobe Valley; Fig. 6 ). Huntoon Valley is located just 15 km east of Mono and Adobe valleys and today harbors M. pallidus near this species' recorded elevational extreme (Hall 1941) .
The high level of nucleotide polymorphism noted at the Benton population may be explained by its location within the distributional isolate and the history of the region. Of all sandy basins throughout the Mono region, the population from Benton occurs at the lowest elevation (1,600 m) in Benton Valley and at the extreme southern end of the distributional isolate. Given its lower elevation and latitude, it may be hypothesized that the regions around Benton (and areas farther south at the head of Owens Valley) may have represented a refugium for the Mono Basin kangaroo mice during the climatic fluctuations of the late-Pleistocene and early-Holocene times; over time, it is likely that different haplotypes would accumulate in this area. Although this explanation is based on limited data, it is consistent with emerging patterns of molecular variation for the genus that show higher levels of haplotype variation and cladogenesis in the extreme southern portions of the ranges of both species of kangaroo mice (E. Reddington and J. C. Hafner, in litt.).
The historical biogeographical hypotheses proposed here are based on a single species but they stand, nevertheless, as a model for other basin-dwelling plants and animals of the western Great Basin, particularly the Mono Basin region. Although Reveal (1979) describes the Lahontan Trough as an important corridor for northern floral and faunal shifts after the Pleistocene, biologists should not overlook its role as a route for possible east-to-west (and west-to-east) distributional adjustments of plants and animals as they responded to climatic changes since the late Pleistocene. The Lahontan Trough, together with the low, physiographic discontinuity between the Wassuk Range and the White Mountains, seems to represent a previously unrecognized biogeographical avenue between the extreme western margin of the Great Basin (i.e., the Mono Basin region and possibly the Owens Valley) and the interior of the Great Basin. Comparative phylogeographic studies such as those employed by Riddle et al. (2000) and advocated by Arbogast and Kenagy (2001) may reveal a more general role of the Lahontan Trough as an east-west biogeographical route for basin-dwelling organisms.
Taxonomic conclusions.-Field collecting and reconnaissance shows that this Mono distributional isolate represents a concatenated array of populations; across the region, kangaroo mice are found in interconnected basins that are free of barriers to dispersal. In view of the intergradation seen in the morphological characters across the populations, the absence of a step cline, and a paucity of genetic differentiation, it is best to consider the kangaroo mice of the Mono Basin and adjoining valley regions of California and Nevada as representing but a single subspecies. This single subspecies, as here recognized, is a demonstrable phylogeographical subunit of the species. In addition to being a peripheral isolate of the species, kangaroo mice from the Mono region possess a Cytb nucleotide substitution unique to the species (this substitution not seen in M. megacephalus outside the Mono region although we have examined more than 100 Cytb sequences). Morphologically, the Mono kangaroo mice show marked clinal variation but the presence of pure-white belly fur (seen in many, but not all, individuals) combined with the 40-a karyotype is unique among populations of this species (Hafner 1981) . This taxonomic conclusion, then, follows our systematic philosophy of not naming purely phenetic units (that are often distributed in chaotic patterns reflecting various environmental regimes), but recognizing independently evolving subdivisions of the species (Hafner 1981) . In accordance with the rules of priority, these kangaroo mice are referable to M. m. polionotus with nasutus as a synonym. A synonymy for Mono Basin kangaroo mice follows.
Microdipodops Merriam, 1891
Microdipodops Merriam, 1891:115. Type species Microdipodops megacephalus Merriam.
The genus includes 2 species, M. megacephalus and M. pallidus (Hafner 1981; Williams et al. 1993 ).
Microdipodops megacephalus Merriam, 1891
Dark Kangaroo Mouse
Microdipodops megacephalus Merriam, 1891:116. Before this study, M. megacephalus included 13 subspecies: albiventer, ambiguus, atrirelictus, californicus, leucotis, medius, megacephalus, nasutus, nexus, oregonus, paululus, polionotus, and sabulonis (Williams et al. 1993) . This study reduces the number of subspecies to 12.
Microdipodops megacephalus polionotus (Grinnell, 1914) Microdipodops polionotus Grinnell, 1914:302 (Fig. 1) .
Description.-Kangaroo mice of the subspecies polionotus have the 40-a karyotype (including 1 pair of tiny acrocentric autosomes). Dorsal pelage color is grayish and variable in brightness (color value); underparts white, but hairs of the venter vary in being pure white to base in many individuals to very light plumbeous basally in other individuals. In cranial measurements, these animals are large in maxillary breadth, and small in basal length, bullar length, and mandibular length compared to other members of the species.
As a peripheral isolate, polionotus is separated from other known taxa of this species by more than 100 km. The geographic distribution of subspecies of M. megacephalus nearest polionotus includes californicus and medius to the north and megacephalus and sabulonis to the east (Hafner 1981; Hall 1941) . In comparisons with these subspecies, polionotus differs from megacephalus and sabulonis in having the basal portion of the belly hairs pure white or very faint gray, instead of distinct plumbeous bases to the ventral hairs. The subspecies polionotus differs from californicus in possessing the 40-a karyotype, whereas californicus has the 40-b karyotype (totally biarmed autosomes). Further, polionotus is distinguished from californicus and medius in having grayish rather than buffy or more reddish dorsal pelage. This Mono Basin taxon is unique among all M. megacephalus subspecies in possessing the following combination of characters: grayish dorsal pelage, ventral pelage that is pure white or nearly pure white basally, and the 40-a karyotype.
